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Accepted 20 April 2016We evaluated the capacity for a variety of commonly used, low and high-molecular weight blocking agents to
prevent nonspeciﬁc binding of Staphylococcus aureus and Staphylococcus intermedius to impedimetric gold elec-
trodes. The blocking agents tested hereweremercaptoundecanol (MCU), polyethylene glycol (PEG,MW≈ 1 kDa
or 5 kDa), bovine serum albumin (BSA), and chicken serum albumin (CSA). The surfactant Tween 20was applied
additionally in some conditions. BSA and MCU in combination with Tween 20 were found to yield the greatest
blocking capacities,whereas 5kPEGwas found to actually enhance S. intermedius attachment. Althoughgenetical-
ly and physiologically similar, S. intermedius and S. aureus differed signiﬁcantly in their capacity to attach to the
gold substrate. Monitoring of gold functionalization kinetics in real-time via impedance spectroscopy indicated
that surface functionalization occurred within a few minutes of gold exposure to a given blocking agent. Higher
impedance changeswere observed with lowermolecular weight blocking agents, likely due to denser molecular
packing on the gold substrate. Careful optimization of blocking agent with respect to chemical properties,
molecular size and potential interactions is recommended.







Detection of bacteria1. Introduction
In the midst of an era of emerging pathogens and a rise in antibiotic
resistance, fast, sensitive and speciﬁc detection of target microbes is
urgently needed. Traditional approaches for detection of pathogenic bac-
teria include methods such as culturing, antibody-based methods, and
polymerase chain reaction (PCR). These methods can be both time and
energy intensive, and also require skilled personnel. Although generally
offering high speciﬁcity, PCR-based techniquesmay require long process-
ing and puriﬁcation steps and are subject to the action of enzyme inhibi-
tors such as organic matter and chelators, which are common in
environmental samples.
The detection of pathogenic microorganisms via electrochemical
methods is a promising approach because it offers the potential for fast,
sensitive, user-friendly, and speciﬁc detection. Electrochemical imped-
ance spectroscopy, speciﬁcally, is a versatile approach that has been suc-
cessfully applied in the detection and quantiﬁcation of a variety of
biomolecules such as enzymes, antibodies, antigens, and DNA [1–3]; as
well as for the detection of viruses, pathogenic bacteria, and eukaryotic
cells [4–7]. Impedance-based detection methods rely upon the measure-
ment of electrical impedance across an electrode that has beenvt.edu (M. Agah).
. This is an open access article underfunctionalized with a target-speciﬁc molecule, which is then exposed to
a sample containing the target analyte. Here, the electrode acts as an elec-
trical transducer that translates changes in electrical impedance at the
analyte-electrode interface thus reﬂecting the presence or absence of
the target. This signal can also be related to analyte concentration, thereby
enabling quantiﬁcation. Gold is a common electrode material because of
its electrochemical properties, biocompatibility, and well-known surface
chemistry, which allows controlled binding of biomolecules and other
surface coatings [8–11]. The advantages of electrochemical impedance
over existing methods include label-free detection, direct non-invasive,
fast or real-time response, potential for miniaturization and integration
into microfabricated systems, ease of use, and potential for low cost and
mass production [5,12].
Low detection limits of a few colony-forming units (CFUs) have been
reported using recently developed impedimetric immunosensors [5,13–
15]. Although the best known and most widely applied pathogen
detection systems are based on antigen-antibody interactions
(i.e., immunosensors), other recognition elements such as aptamers are
quickly gaining ground due to their high stability, comparable selectivity,
and ease of synthesis, among other reasons [16]. These molecules are
characterized by their smaller size and molecular weight relative to pro-
tein antibodies, and may require optimized experimental conditions for
their successful application. In this regard, a suitable blocking agent may
be required to prevent nonspeciﬁc binding, while not interfering withthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 2
Contact angle of blocking agent-functionalized and unfunctionalized gold chips.
Surface functionalization Concentration Contact angle Stdev
None (Control) 94 4
a
48 M.V. Riquelme et al. / Sensing and Bio-Sensing Research 8 (2016) 47–54the capacity of the recognition element to interact with its target. In addi-
tion to limiting nonspeciﬁc binding, these materials may be employed si-
multaneously for multiple purposes such as spacers, as linkers with
functional moieties, or tominimize nonspeciﬁc binding of the target mol-
ecule to the gold surface, thereby increasing its ability to interact with the
target analyte [17,18]. The minimization of nonspeciﬁc binding to the
gold electrode is critical because subsequent measurements depend on
changes induced by total interactions between the electrode and the an-
alyte. Furthermore, contaminants and othermatrix components can con-
tribute to the changes measured, thereby skewing the results.
The blocking agents tested here were mercaptoundecanol (MCU),
polyethylene glycol (PEG, 1 kDa or 5 kDa), bovine serum albumin
(BSA), and chicken serum albumin (CSA). The surfactant Tween 20
was used in combination with some of the mentioned blocking agents.
MCU is a hydroxyl-terminated long-chain alkane thiol that produces
highly packed self-assembled monolayers (SAMs) [19]. PEG is a non-
ionic, water-soluble polymer commonly used to form protein-
resistant SAMs [20,21]. PEG molecules in SAMs are surrounded by an
ordered shell of watermolecules that render themonolayer hydrophilic
and thus resistant to protein attachment [21]. Shorter length PEG chains
are known to formmore densely packedmonolayers than longer length
chains, likely due to the bending of the longer chains [20]. Serum
albumin (e.g., BSA and CSA), casein, and other milk proteins are often
used as blocking agents in enzyme-linked immunosorbent assay
(ELISA), Western Blotting, and other enzyme-based assays [22,23].
These proteins are well known for their capacity to prevent nonspeciﬁc
binding of cells to surfaces, especially in the presence of Tween 20 [23].
Staphylococcus aureus and Staphylococcus intermedius were applied as
model organisms here, both because they are closely related species of
the same genus, and because they are pathogens of signiﬁcant concern
to human health. Speciﬁcally, S. aureus is the leading cause of skin and
soft tissue infections and can also causemore invasive and life threaten-
ing diseases [24,25]. S. intermedius is a closely related genus to S. aureus
[26]. S. intermedius is generally associated with wound infections that
have been either caused by or exposed to animals [27,28].
The objective of this research was to compare the aforementioned
low and high-molecular weight blocking agents with respect to their
capacity to prevent nonspeciﬁc bacterial binding to impedimetric gold
electrodes. We hypothesized that smaller and more hydrophilic
molecules would have a higher blocking capacity for two reasons:
(1) It is well known that the capacity of a surface-coating agent to
block nonspeciﬁc binding of proteins or whole cells is related to the
agent's hydrophilicity [29,30]; and (2) smaller molecules form more
compact SAMs that more thoroughly cover modiﬁed surfaces. Thus,
blocking agents represent a limiting aspect of the sensitivity and
selectivity of impedance-based biosensors, and critical examination is
necessary in a manner to optimize their performance.
2. Materials and methods
2.1. Solutions
All buffers and solutions were produced using autoclaved nanopure
(N18MΩ cm) water. PBS (137mMNaCl, 2.7 mMKCl, 10 mMNa2HPO4,
1.76 mM KH2PO4, pH 7.4) was prepared as a stock 10× solution using
molecular biology grade reagents, autoclaving, and diluting asTable 1
List of blocking agents and their molecular weights.
Name Abbreviation Molecular weight (Da) Manufacturer
11-Mercapto 1-undecanol MCU 204.37 Aldrich
HS-PEG (1 kDa) 1kPEG 1000 NANOCS
HS-PEG (5 kDa) 5kPEG 5000 NANOCS
Bovine serum albumin BSA 66,500 Sigma
Chicken serum albumin CSA ~66,000 Sigma
Tween® 20 T 1227.54 Promeganecessary. Molecular biology grade ethanol (200 Proof) was purchased
from Fisher Scientiﬁc. A list of blocking agents, their molecular weights,
and their manufacturers is given in Table 1. Thiol-modiﬁed PEG (HS-
PEG) was used for covalent PEG attachment to the gold substrate. Fur-
ther descriptions of blocking agent concentrations and preparation pro-
cedures are given in Table 2.
2.2. Device and imaging-chip fabrication
The impedance measurement device consisted of a 6 × 6 array of
electrode circuits as shown in Fig. 1. Thus, 36 different sensors could
be used within the same device to test different conditions. A PDMS
mold separated each circuit and allowed for analysis of different aque-
ous samples, thus minimizing the potential for cross-contamination.
The chip fabrication process is shown in Fig. 1. An initial Si wafer
substrate was thermally oxidized to obtain a ≈0.5 μm layer of SiO2.
The wafer was then coated with photoresist (Shipley 1827) using a
binder (HMDS) by spin coating and soft baking. The photoresist was
patterned and developed using a mask that contained the electrode
design, and a gold layer ≈0.1 μm thick was deposited by electron-
beam evaporation. The wafer was then acetone washed for 20 min to
remove the photoresist. Prior to PDMS bonding, the device was cleaned
by oxygen plasma for 10 min (Harrick Plasma Cleaner) [31,32].
For SEM imaging, gold-coated SiO2 chips were used. A Si wafer was
thermally oxidized to form a SiO2 layer. A gold layer was then deposited
by electron-beam evaporation. Finally, a layer of photoresist was
applied as a passivation layer prior to cutting the wafer into small
squares of≈4 × 4 mm2. Before use, the photoresist layer was washed
off using acetone and the chip was cleaned with oxygen plasma [32].
2.3. Bacteria strains and culture
S. aureus (ATCC 12600) and S. intermedius (ATCC 29663) were
cultured in 100 mL of brain heart infusion media (Bactrius Limited,
Houston, TX) at 37 °C and 165 rpm to the late exponential growth
phase (OD600≈ 0.8). Cells were then transferred to two sterile 50 mL
centrifuge tubes, and subjected to two washes by centrifugation
(5000 ×g for 10 min) and re-suspension in 1× PBS. A calibration
curve relating OD600 to microscopic cell counts was created and used
to quantify the washed bacteria via spectrophotometry thereafter. Cell
quantiﬁcation was done via microscope using a counting chamber,
and was veriﬁed by colony forming unit (CFU) counts.
2.4. Experimental setup and impedance measurements
An impedance analyzer (Agilent HP4192A) was used to make
impedance measurements from each electrode with a log-spaced
frequency sweep (30 points in the range 1 kHz–1MHz). Measurements
included both the impedance magnitude (|Z|) and phase (∠Z) values
for each electrode [32]. Initial baseline impedance measurementsBSA 5% 82 1
BSA-Tb 5% BSA, 0.05% T 79 1
CSAa 5% 90 1
CSA-Tb 5% CSA, 0.05% T 86 2
MCU 1 mM 86 2
MCU-T 1 mM MCU, 0.05% T 62 2
MCU-EtOH 1 mMMCU, 75% EtOH 86 10
1kPEG 1 mM 85 2
5kPEG 1 mM 73 1
All other functionalizations were prepared by dissolving in H2O (or EtOH where noted).
a BSA and CSA solutions were prepared by dissolving in 1× PBS.
b BSA-T and CSA-T were prepared by dissolving in 1× PBS + Tween® 20 solution.
Fig. 1. Impedance biosensor setup and fabrication. A) 6 × 6 electrode circuit array.
B) Single electrode circuit. C) Picture of fabricated electrode bound to PDMS mold with
sample wells. D) Schematic of impedance device fabrication process.
Fig. 2. Impedance-based measurements of blocking agent attachment. A) Real-time
monitored kinetics of BA attachment. B) PBS baseline (plain bars) and post-wash
(striped bars) impedance measurements. Gold electrodes were exposed to 50 μL of each
blocking agent in four replicates and immediately placed in the impedance instrument.
Measurements for two separate devices were collected for 1 h at 37 °C. A baseline
measurement and a post-wash measurement (after washing excess blocking agent)
were collected before and after treatment with blocking agent, respectively. Control is
bare (unfunctionalized) gold exposed to DI water during the incubation time.
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blocking agent solution andmeasurementsweremade continuously for
1 h at 37 °C. After washing 3 timeswith PBS, a second (post-wash)mea-
surement was collected in PBS for comparison to the initial baseline.
After this step, 50 μL of bacteria (2 × 108/mL) was introduced into
each well, and impedance measurements were made for 2 h at 37 °C.
Again, all wells were washed 3× with PBS, and a ﬁnal measurement
was collected in PBS for comparison with the baseline.
For SEM imaging and contact angle measurements, square gold-
coated SiO2 chips were afﬁxed to the bottom of a 24-well plate using
silicone grease. The chips were then exposed to 1 mL of blocking
agent for 1 h at 37 °C. After 1 h, all pieces were washed 3 times with
PBS. Chips used for contact angle measurements were washed with
autoclaved nanopure water and allowed to dry before being placed in
a vacuumdesiccator overnight. Functionalized chips used for SEM imag-
ingwere exposed to 1mLof bacteria (2×108/mL), and incubated for 2 h
at 37 °C. After 2 h, the chips were washed 3 times with PBS, ﬁxed with
500 μL of 3% glutaraldehyde in PBS for 30 min, and dehydrated with
sequential exposures to increased ethanol concentrations (25, 50, 75,
and 100%) for 5 min each. After exposure, the ethanol was allowed to
completely evaporate and the chips were prepared for SEM imaging.
2.5. SEM and image analysis
The chips were ﬁxed on SEM stubs using double-sided copper tape,
coated with gold/palladium using a Cressington 208HR high-resolution
sputter-coater, and then imaged using a Leo 1550 Field Emission
Scanning Electron Microscope (SEM; Carl Zeiss Nano Technology
systems, International). Each chip was imaged ﬁve times: once near
each corner, about half way between the edge and the center, and
once near the center. The bacterial numbers on each image were
determined using ImageJ (NIH) software.
2.6. Contact angle measurements
After functionalization and washing, chips used for contact angle
measurements were allowed to dry and stored in a vacuum desiccatorovernight. Contact angle measurements were then carried out using a
First Ten Angstroms contact angle analyzer, Model FTA 125. A droplet
of ~7.5 (±0.6) μL was deposited on the surface of the functionalized
chips, and then imaged and analyzed using FTA 32 Video 2.0 Software.
2.7. Statistical analysis
Statistical analyses were performed in R (Version 3.2.1). For
comparison of the blocking capacity of different blocking agents,
ANOVA and pairwise t-test were applied. A t-test was applied for
analyzing differences between S. aureus and S. intermedius attachment.
3. Results and discussion
3.1. Impedimetric characterization of blocking agent attachment kinetics
The kinetics of blocking agent attachment were characterized via
impedance spectroscopy (Fig. 2A). For all blocking agents, most
blocking agent-electrode interactions occurred during the ﬁrst 5 min
of incubation, while themaximum impedancewas steadily approached
between 30min and 1 h of incubation. This result is in agreementwith a
previous study, which reported N90% surface coverage of an alkanethiol
similar to MCU, speciﬁcally hexadecyl mercaptan (5 mM), within the
ﬁrst 1 to 5 min of exposure; followed by slower monolayer formation
that resulted in an electronically insulating SAM on gold, within about
an hour [33]. It was observed that smaller molecular weight materials
induced a higher impedance change than larger molecular weight ma-
terials. This is likely a result of more dense packing of smaller molecules
than larger ones, thereby forming an ordered packed monolayer that
blocks electrochemical interactions at the gold-buffer interface [34,35].
Although smaller molecules interacted with the gold electrode very
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observed during the 1 h incubation time. This steady increase was likely
due to slower monolayer ordering as packing density increased, and
eventually reached a plateau. Campuzano, et al. [36] showed that
areas of imperfect alkanethiol adsorption to the electrode surface, called
pinholes, are often present; however, some of these pinholes can be
ﬁlled by extended (up to 20 h) alkanethiol exposure. This is also in
agreement with a previous study by Boubour and Lennox [37], who
found that extended (40 h) exposure to thiol solution is required to
achieve an ideal dielectric SAM. It should be noted that blocking agent
exposure time may require optimization in order to prevent displace-
ment of the recognition element. Lee, et al. [18] optimized exposure
time of an alkylthiol onto an oligonucleotide functionalized surface
and found that a 30 min exposure was ideal and that longer times
may lead to undesirable oligonucleotide displacement. Thus, a balance
is required in order to maximize blocking agent coverage while
minimizing displacement of recognition elements.
3.2. Impedimetric and contact angle characterization of functionalized gold
electrodes
A washing step was applied to remove excess and loosely adsorbed
blocking agents and a post-wash impedance measurement was then
collected. Upon comparison of baseline and post-wash measurements,
the relationship between the measured impedance and the blocking
agent size was apparent (Fig. 2B). Consistent with their higher molecu-
larweight, and thus likely looser surface packing, the impedance change
was lowest for BSA and CSA. Next, the 5kPEG- and 1kPEG-induced
impedance changewas intermediate, in agreementwith their relatively
intermediate molecular weights. Finally, the lowest molecular weight
blocking agent, MCU, induced the highest impedance change. Again,
this was likely due to the denser molecular packing on the gold surface,
which consequentially resembles an ideal dielectric material [37].
Water contact angles were determined to quantify and compare the
hydrophobicity of each functionalization scheme (Table 2). Although
most contact angles were in the hydrophilic range (b90°), three
blocking agents stood out in terms of their lower contact angles: BSA-
T (79°), 1 mM 5kPEG (PEG MW ≈ 5 kDa, 73°) and MCU-T (62°).
Compared to the bare gold surface (94°), these three functionalities
were more hydrophilic, and therefore should be expected to block
bacterial attachment more effectively. Past studies have shown that
hydrophilic surface coatings are more effective at blocking protein and
bacterial attachment to surfaces [29,30].
Contact angles reported in the literature are highly variable and
range from about 61° to 78° degrees for bare gold [38–41], from 31° to
63° for PEGmonolayers [20,40,42], from 13° to 37° forMCUmonolayers
[42–44], and ~53° (pH dependent) for BSA [41,45]. Although our
measured contact angles are consistently above these ranges, the
functionalized substrates invariably displayed increased hydrophilicity
relative to the unfunctionalized gold substrate. Taken together with
the impedance and bacterial attachment results, the contact angle
measurements suggest that blocking agent functionalization occurred
successfully.
3.3. Comparison of S. aureus and S. intermedius attachment to gold
electrodes
Themodel organisms employed in this optimization studywere two
closely related Staphylococcal species, both of which are opportunistic
human and animal pathogens of concern. Although S. aureus and
S. intermedius are closely related, there are some established differences
in their biochemical properties, aswell as in the composition of their cell
wall polysaccharides and peptidoglycan structures [26]. For example,
S. intermedius cells have a higher serine content in their peptidoglycan
and contain glycerol teichoic acid in their cell walls, rather than ribitol
teichoic acid [46]. It is interesting to note that the capacities ofS. aureus and S. intermedius to attach to bare gold surface were signiﬁ-
cantly different (t-test: p b 0.005; Fig. 3). When an unfunctionalized
gold chip was exposed to a suspension of either type of bacterial cell
(both at the same concentration), ~77,000/mm2 S. intermedius cells
attached to the gold surface, whereas only ~6000/mm2 S. aureus cells
attached under the same conditions. Nearly 13× more S. intermedius
cells attached to the gold than did S. aureus cells. This is an interesting
observation that highlights the difference in behavior in closely related
organisms, and therefore the importance of assay optimization for each
new target species. Further, this study indicates that the potential for
nonspeciﬁc attachment likely varies among microbes.
3.4. Characterization of blocking agent capacity to minimize nonspeciﬁc
bacterial attachment onto gold electrodes
Based on the water contact angle measurements, the three most
hydrophilic functionalities were BSA-T, 5kPEG, and MCU-T (Table 2).
Interestingly, only two of these widely used materials (BSA-T and
MCU-T) were observed to have high blocking capacities, whereas
5kPEG was actually observed to enhance S. intermedius attachment
(Fig. 3). In comparison to the unfunctionalized control (via pairwise t-
test), signiﬁcantly fewer bacteria attached to surfaces that were func-
tionalized with BSA-T, CSA-T (5% CSA, 0.05% Tween 20), MCU, and
MCU-T (p b 0.001). However, signiﬁcantly more bacteria attached to
5kPEG-functionalized gold (p b 0.001). Here, we excluded MCU-EtOH
(1 mMMCU, 75% ethanol) and 1kPEG (PEG, MW≈ 1 kDa) from the t-
test, as their bacterial counts were highly variable and did not meet
the normality assumption.
Although the capacity for PEG to inhibit protein attachment has been
widely assumed to be associatedwith resistance to cell attachment, sev-
eral studies have pointed out that this may not always be the case [47–
49]. This result is because adhesion behavior is not only dependent on
the substrate chemistry, but also on the cell surface composition and
on the interaction medium. Speciﬁcally, in a study by Park, et al. [48],
the grafting of 1kPEG onto polyurethane surfaces did not contribute to
the repellence of Staphylococcus epidermidis. In fact, 1kPEG-modiﬁed
surfaces actually showed a slight increase in bacterial adhesion
compared to the unmodiﬁed hydrophobic polyurethane control. In the
same study, bacterial adhesion was shown to be highly dependent on
suspension medium [48]. In a different study, Muller, et al. [47]
observed substantial adhesion of eukaryotic cells to a PEG-modiﬁed
silicon substrate. In another study by Wei, et al. [49], PEG was shown
to prevent protein adsorption onto a stainless steel surface, but made
no difference in the adsorption of Gram-negative Pseudomonas spp. or
Gram-positive Listeria monocytogenes.
It is possible that the high afﬁnity of S. intermedius toward PEG may
be enhanced by a temperature effect, given that our experiments were
performed at 37 °C. Prime and Whitesides [50] reported a decrease in
protein blocking capacity of a PEG SAM at 37 °C in comparison to 25
or 4 °C. This observationwas explained as the result both of the tenden-
cy of ethylene oxide chains to have lower solubility limits at higher
temperatures aswell as a tendency of the hydrophobic effect to increase
at higher temperatures [50,51]. Ogi, et al. [52] reported nonspeciﬁc
binding capacities of BSA and PEG for human immunoglobulin G
(HIgG) and Staphylococcus protein A (SPA). The authors concluded
that although both blocking agents show high blocking capacity, the
number of binding sites of PEG toward HIgG is signiﬁcantly larger
than that of BSA [52].
SEM image counts are shown in Fig. 3B, along with representative
SEM images (Fig. 3A). In contrast to the unexpected afﬁnity of
S. intermedius for PEG, it can be observed that MCU-T, BSA-T, and CSA-
T blocked nonspeciﬁc bacterial binding effectively. A previous experi-
ment revealed that BSA or CSA alone are not as effective at blocking
nonspeciﬁc bacterial binding than BSA or CSA in combination with
Tween 20 (Fig. S1). In addition, Tween 20 alonewas found to be ineffec-
tive at blocking S. intermedius at the concentration tested (Fig. 4B inset).
Fig. 3.Average bacterial counts permm2 in blocking agent-functionalized gold chips. Error bars represent standard deviation of 4–6 SEM images. Functionalized gold chipswere immersed
in 1 mL of 2 × 108 bacteria/mL for 1 h at 37 °C. Unbound and loosely bound bacteria were removed via three rounds of washing using PBS. Bacteria were ﬁxed in 3% glutaraldehyde,
dehydrated via increasing ethanol exposures, and allowed to completely dry before gold-palladium coating and SEM imaging.
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the individual and combined blocking effects of BSA and Tween 20 in
ELISA microwells [23]. This prior study revealed that although both
blocking agents can offer satisfactory results, there was an enhanced
effect when they were applied in combination [23]. The same study
also advised about the potential interferences that one or the other
blocking agents may have, depending on the type of receptor used
[23].
Of the blocking agents tested, MCU-T had the highest capacity for
blocking nonspeciﬁc bacterial binding (Fig. 3). For this reason, the
blocking capacity of MCU-T at different concentrations was examinedfurther (Fig. 4). We found that, on average, N85% of S. intermedius
attachment was blocked at 100 μMMCU-T concentration, N90% attach-
mentwas blocked at 1mMMCU-T concentration, and N99% attachment
was blocked at 10 mM MCU-T concentration (Fig. 4A). The slight but
gradual increase in S. intermedius attachment at these higher concentra-
tions is likely a combined effect between: (1) the high afﬁnity of
S. intermedius toward the gold substrate and (2) an increasing frequen-
cy of defects (pinholes) in the MCUmonolayer with a decrease in MCU
concentration. The latter effect is dependent on MCU functionalization
time and monolayer defects are expected to decrease with increasing
MCU incubation time (e.g., longer than one day).
Fig. 4. Average bacterial counts per mm2 inMUC-T functionalized gold chips at a range of concentrations. Error bars represent standard deviation of 4–6 SEM images. Functionalized gold
chips were immersed in 1 mL of 2 × 108 bacteria/mL for 1 h at 37 °C. Unbound and loosely bound bacteria were removed via three rounds of washing using PBS. Bacteria were ﬁxed in 3%
glutaraldehyde, dehydrated via increasing ethanol exposures, and allowed to completely dry before gold-palladium coating and SEM imaging.
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as bacterial attachment occurred irregularly (Fig. 4A), thus suggesting
incomplete surface functionalization. We note that the blocking agent
concentrations applied in these experiments were expected to saturate
the bare gold chips. Lower blocking agent concentrations may be
required if the electrode surface has already been functionalized with
a receptor molecule such as an oligomer or an antibody. For example,
Lee, et al. [18] found that an optimum MCU concentration required to
block an oligomer-functionalized surface was≈10 μM.
The impedance values measured from the gold electrodes are
expected to rise after bacterial attachment. This is due to the bacterial
ﬁlm forming an effective barrier to the passage of electric current. Thefunctionalized electrodes did not appear to show any signiﬁcant change
in the impedance measurements after exposure to bacteria (Fig. S2).
However, an increase in impedance was observed on electrodes that
were not functionalized. It should be noted that these electrodes were
originally designed for analyses and detection of mammalian cells [31,
32,53], and thus electrode geometries may beneﬁt from speciﬁc optimi-
zation for bacterial cells, which are 10–100× smaller.
It should be noted that careful choice of blocking agent may be
required based on the molecular size of the recognition element being
applied and the potential unwanted interactions or inhibitions that
the blocking agent may impart. For example, if an oligonucleotide or
an aptamer is employed as the recognition element, using BSA or a
53M.V. Riquelme et al. / Sensing and Bio-Sensing Research 8 (2016) 47–54long chain molecule as blocking agent may also block speciﬁc
recognition element-target interactions. This case is highlighted in a
aptamer-based plant virus detection study by Lautner, et al. [54], who
found that although long chain PEGs effectively blocked nonspeciﬁc
interactions, they also sterically hindered aptamer-target interactions;
whereas a short tetraethylene glycol chain allowed excellent speciﬁc
binding while still minimizing nonspeciﬁc interactions. In the case of
oligonucleotide targeting molecules, alkylthiols are generally attractive
as they not only are successful at preventing nonspeciﬁc binding, but
also increase the availability of the active oligonucleotide site by
preventing nonspeciﬁc interactions between the nucleobases and the
gold substrate [18,55].
4. Conclusions
Several low and high molecular weight blocking agents were
comparedwith respect to their capacity to prevent nonspeciﬁc bacterial
binding to impedimetric gold electrodes. Hydrophilic BSA-T andMCU-T
were found to have the highest blocking capacity. Interestingly, and
contrary to our expectations, 5kPEG actually encouraged S. intermedius
attachment to the functionalized gold substrate. Furthermore, closely
related Staphylococcus species (S. intermedius N S. aureus) were found
to have signiﬁcantly different attachment afﬁnities toward the gold
substrate, highlighting the need for blocking agent testing and optimi-
zation prior to application. Gold functionalization kinetics were also
monitored real-time via impedance spectroscopy and found to occur
rapidly within a few minutes of gold exposure to blocking agent.
Notably, a higher impedance change was observed with lower
molecular weight blocking agents, likely due to higher molecular pack-
ing on the gold substrate. Careful optimization of blocking agent with
respect to molecular size and potential interactions is recommended.
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